Abstract-Analysis of the beam-deflection cavity interaction in
I. INTRODUCTION
T HE radio frequency (RF) source for the next linear collider (NLC) is required to generate a power of 1/2-1 GW per tube in a 200-ns pulse, or 100-200 J of energy in a pulse of up to a few s in duration, at a frequency of 10-20 GHz [1] . It is generally believed that the efficiency of this RF source will have to be significantly better than that of the present generation of -band klystrons. A variety of RF sources are under investigation at the present time aimed at fulfilling the needs of the NLC. These include the -band klystron, gyroklystron, traveling-wave tube, harmonic convertor, chopper-driven traveling-wave tube, and magnicon [2] .
In scanning beam devices, such as the magnicon, phase synchronism between the transverse deflection of the beam and a rotating RF wave is created such that the interaction is invariant on the RF time-scale [3] , [4] . This phase synchronism, which occurs without requiring beam bunching, makes possible very high efficiencies. In the magnicon circular scanning of a linear high-power pencil beam is effected by passing it through a series of cavities that are collectively referred to as the deflection system. The circularly scanned spiraling beam then enters an output cavity wherein RF power is generated by a gyroresonant mechanism. Achievement of high efficiency by means of a scanning beam interaction places a tight constraint on the beam quality as measured by the initial emittance and energy spread. Moreover, the beam quality must be preserved as much as possible as the beam is spun up in the deflection system, in the presence of the RF and nonideal effects such as fringing fields and self fields. The operating principles of the magnicon may be illustrated by reference to the conceptual diagram in Fig. 1 . A magnetized pencil beam from an electron gun transits a drive cavity containing a TM mode generated by an external RF source. The rotating magnetic field of the TM mode converts a small fraction of the beam axial momentum into transverse momentum, in such a way that the gyro-orbit grazes the cavity axis. The beam then enters a sequence of gain (or passive, or deflection) cavities, where the transverse motion creates RF fields that further deflect the beam, producing a progressively higher fraction of transverse momentum. This proceeds until the electrons exiting the final deflection cavity (also known as the penultimate cavity) have an that exceeds unity, where refers to the ratio of the transverse to parallel momentum.
As a result of the phase synchronous transverse deflection of the beam as a whole, the electrons entering the output cavity execute gyromotion whose entry point and guiding center rotate in space about the cavity axis at the drive frequency. The beam transverse motion is used to drive a gyroresonant fast-wave interaction in the output cavity. This interaction can be highly efficient because the electrons arrive in the cavity coherently gyrophased, thus providing for optimum energy transfer to a mode of the output cavity that rotates synchronously with the deflection cavity mode. The phase synchronism in the output cavity can take place at either the fundamental or a harmonic of the drive frequency. The magnicon program at the Naval Research Laboratory (NRL), Washington, DC, employs a frequency-doubling configuration, U.S. Government Work Not Protected By U.S. Copyright with the output cavity operating in the TM mode at the second harmonic of the drive frequency (i.e., , where is the drive frequency), but in the first harmonic of the gyrofrequency, [defined following (2) ]. The synchronism condition in the deflection system cavities is , while in the output cavity it is . This variant of the magnicon has several advantages, including the near-uniformity of the axial magnetic field throughout the circuit.
The NRL experiment has employed a single-shot Marx generator to power a plasma-induced field emission diode. A two deflection cavity, low drive power experiment employing a 1/2 MV, 200 A, 5.5 mm-diameter electron beam was initially performed, verifying the predictions of theory [5] . Recent experiments have demonstrated megawatt-level output power in a complete, five cavity device [6] .
Although the magnicon has the potential of high average power at high efficiency, the technology on which it is based is less developed than either the traveling-wave tube, the klystron or the gyroklystron. There is also much that needs to be learned from the theoretical standpoint in order to derive scaling relations and be able to design experiments with confidence.
The theoretical work at NRL has concentrated on understanding the physics issues involved in the magnicon amplifier [4] , [7] - [11] . In an early study a detailed linear analysis of the deflection system was presented. In particular, a general expression for the gain and frequency shift was obtained. An interesting aspect of magnicon behavior is the variation of the gain and frequency shift with the strength of the axial magnetic field. This allows one to control the cavity quality factor in experiments. Here, we shall present a description of beam loading effects in the deflection system. Use is made of the dispersion relation derived in the prior work, based on the Vlasov-Maxwell system of equations. This first principles analysis is extremely powerful and allows the determination of the loaded , i.e., the instantaneous bandwidth, the frequency shift and the gain over a broad range of magnetic fields, including the synchronous value. The analysis is also used to identify the equivalent-circuit parameters. Simulation results are presented to illustrate the validity of the linear analysis and modifications due to finite beam emittance. Finally, results of the NRL gain experiment are compared with the theory. The role of beam loading in the magnicon was first pointed out in [3] , although its variation as a function of the magnetic field was not discussed. The first detailed analysis of beam loading was presented in [13] , making use of the induced-current method in conjunction with a lumped equivalent circuit. The frequency response of the amplitude and phase of a gain cavity was determined for several values of magnetic field. However, this involved an iterative process that was not always stable.
II. DISPERSION RELATION
The ideal TM rotating mode in a cylindrical cavity may be represented by the vector potential c.c.
( 1) where , , and denote the cylindrical coordinates, is a constant, is the speed of light, is the angular frequency, is the ordinary Bessel function of the first kind of order one, is the first zero of , is the cavity radius, the cutoff wavenumber is defined by , and c.c. means complex conjugate. In this paper centimeter-gramsecond (CGS) units are used unless stated otherwise.
To obtain the dispersion relation the paraxial limit is considered; i.e., it is assumed that , and , where is the velocity. Then, in the presence of a uniform axial magnetic field , the equations of motion of an electron are given by (2) where , is the relativistic gyrofrequency,
, and is the charge on an electron. Equation (2) is valid provided the signal strength is sufficiently small that the relativistic mass factor and the longitudinal velocity may be supposed to be constants. Defining , and denoting by the time at which the electron enters the cavity, the solution of (2) with the initial conditions and is
These equations express the values at the cavity exit, which, in terms of the transit angle is identified by . For this value of transit angle the transverse excursion is a maximum. Equations (3) and (4) define the initial conditions at the entrance to the following drift tube.
In the drift region the beam orbit grazes the -axis at a transit angle , and completes one gyrational motion at . Here, is the transit angle measured in the drift region. The length of the drift region determines the initial conditions for the gain cavity. The appropriate choice is and the beam enters that cavity, on axis, at . In the gain cavity we define , where is the amplitude-replacing in (1)-and indicates the c.c. The orbit in the gain cavity is given by
To assess the effects of beam loading it is necessary to solve the wave equation with the source term evaluated with the aid of the orbit in (5). Following [7] , the current density for a monoenergetic beam of electrons with energy may be written as where is the beam current, is the orbit in theplane, expressed as a function of the time and the entry time into the cavity, and is the electron distribution-which is a function of the initial coordinates and momenta -subject to the normalization condition It is thus necessary to solve the wave equation with the orbit given by (5) inserted into the expression for the current density. The solution of the wave equation can be readily obtained by substituting a vector potential of the form given in (1) into the left-hand side. For the right-hand side use is made of the orbit in (5) to evaluate the current density . Since this calculation is standard [4] , [7] , for brevity, we quote the result from [7] . For an azimuthally symmetric distribution function and in the paraxial approximation the ratio of the electric field in the gain cavity to that in the drive cavity is given by (6) where Here, , is the length of the cavity, , is the Alfvén current,
, and is the mean axial velocity. In writing (6) the imaginary part of the frequency, , has been absorbed in the definition of the cold cavity quality factor . Additionally, it has been assumed that . The simulations to be presented later extend this simplified model by employing a beam with finite emittance.
The parameter is proportional to the beam current. Beam loading effects are manifested through the terms involving in (6) . Setting the real and the imaginary parts of the denominator in (6) separately equal to zero allows us to identify the resonant frequency and the loaded ,
where is the cold cavity frequency.
III. EQUIVALENT CIRCUIT
This section presents a brief summary of the lumpedelement equivalent circuit for the gain cavity of a magnicon operating in the TM mode. In this section SI units are used exclusively. The circuit is shown in Fig. 2 . For the TM mode the Ohmic quality factor is given by (9) where is the skin depth [14] . The shunt conductance is obtained by making use of , where is the power loss in the TM mode-which involves the -and is the ac voltage. The latter is approximated by the product of the cavity length and the maximum of the axial electric field. Thus where is the admittance of free space and is the first zero of the derivative of . From the known values of and the conductance the capacitance and the inductance, and , respectively, are obtained from and , where . The beam admittance is given by [3] , which can be reexpressed as where is the dc beam voltage and is defined following (6) .
The total admittance of the equivalent circuit is then given by , where is the detuning from the cold cavity resonance frequency. From circuit theory it then follows that the frequency shift is given by Im and the beam contribution to the quality factor is given by
Re
The latter two expressions are consistent with (7) and (8) given at the end of Section II.
In the magnicon when the beam loading effect is capacitive and the frequency is down-shifted. Further, examination of the expression for indicates that for for for It is this particular characteristic of beam loading that is of interest since it allows one to control the effective cavity with relative ease in experiments. Note that the last of these conditions may lead to oscillation for sufficiently large beam loading. (See [14] for comparison with the equivalent circuit of a klystron.)
IV. SIMULATIONS AND COMPARISON WITH EXPERIMENT
The analysis in Section II may be employed to evaluate the beam-loading effect for realistic electron beams, i.e., with finite emittance. Choosing an appropriate form for the electron-distribution function at the entrance to the drive cavity, the relevant integrals may be performed to determine the gain. In practice the form of a realistic beam distribution is sufficiently complicated to require numerical evaluation of the integrals. The analysis was based on the assumption that the electron energy and axial velocity were relatively constant in the deflection cavities. This is a good assumption when the synchronism condition,
, is approximately valid, since there is little exchange of energy between the electrons and the RF. This will also emerge in the following discussion. However, away from synchronism and for large input drive, there may be significant transfer of energy and the linearized approach fails. It is therefore important to supplement the analysis with numerical solutions.
The steady-state code solves the equations of motion of a collection of electrons through given, ideal-cavity TM RF fields and the axial magnetic field using a fourth-order Runge-Kutta method. The RF field amplitude is made selfconsistent by iteration, for given beam current and cavity losses. The code simulates a deflection system that consists of a drive and a gain cavity, interconnected by a drift tube.
In the ideal case the simulations employ a beam that is cold, with vanishing radius, at the entrance to the drive cavity. The parameters for the simulations are listed in Table I . Note that the value listed in Table I is much less than the purely ohmic predicted by (9) . The listed includes the effects of RF coupling pickups [5] . The value employed in the simulations is rounded up to 1000, which is within the accuracy of measurements. Additionally it should be remarked that the experimentally-determined frequency of the actual cavity-including openings to beam tunnels and coupling pin holes-is about 5 MHz less than that listed in Table I . Finite-emittance simulations employ an initial distribution that represents the beam from a realistic diode using an electron optics code [15] . The beam is modeled as three concentric annuli, each with a given value of radius, beam , and current, as listed in Table II . Fig. 3 reproduces the measured gain data from [5] for a configuration of a drive cavity followed by a single gain cavity. The measurements of the rotating TM mode were carried out in the two separate linear polarizations, resulting in the data labeled Polarization 1 and Polarization 2. The statistical error bars from the original figure are duplicated, corresponding to the standard deviation of the mean of three to five shots for each frequency, except that minimum error bar size was set at 0.5 dB, so that the weighting of the points in the fits described below would not be unduly biased by the occurrence of a very small statistical spread at some frequencies. Each polarization was fit to a Lorentzian distribution, according to the formula where is the gain in dB at the center frequency . A least squares fitting process, with the weighting of each point inversely proportional to the square of the size of the error bar, was employed to determine the three parameters , , and for each polarization. Table III lists the best-fit values for the parameters and the two curves in Fig. 3 show the Lorentzian fits. Fig. 4 shows the power gain plotted as a function of the axial magnetic field. The solid curve is obtained from the linearized theory. The squares represent the results of simulations with an ideal beam and the circles correspond to a finite-emittance initial distribution. The crosses indicate the least squares fits from the experimental data in Fig. 3 for the two linear polarizations, with the appropriate error bars. Linearized theory has higher gain than simulations, except for the synchronous case (the middle square in Fig. 4) , where linearized theory and ideal beam simulations virtually agree. Over the range of magnetic field shown in Fig. 4 the gain is found to vary from 11-15 dB. The experiments in [5] were designed to operate as close as possible to the neutral point, i.e., the point with no beam loading. Given the error bars on the data the experimental points for the two polarizations are observed to bracket the theoretical results reasonably well.
Before proceeding it is necessary to remark on the cavity and drift-tube lengths in the simulations. For the synchronous case the lengths in the simulations are the same as those in the linear analysis and in Table I , with the drift tube being 1/2 of a cavity length. For nonzero detunings, however, it was found that the length of the drift tube was not optimal. For example, consider a highly detuned magnetic field kG. In this case there is a decrease in the gyrofrequency. As discussed prior to (5), the optimal length for the drift region is that which brings the electron from maximum excursion at the end of the drive cavity to the axis at the entrance to the gain cavity. This takes place in 1/2 of a gyroperiod. The reduced magnetic field thus necessitates a longer drift tube. As a result in the simulations the drift-tube length was optimized to be 3/4 of the cavity length-as opposed to 1/2 in the synchronous case. Similarly, for the example of kG, the drift-tube length was optimized to be 1/3 of the cavity length. Fig. 5 shows the loaded as a function of the magnetic field. The solid curve is obtained from linear theory, the squares and the circles represent ideal beam and finiteemittance beam simulation results, respectively. This plot shows that a four-fold change in the quality factor may be effected by 25% change in the magnetic field. Note that for magnetic field values below the synchronous value (see Table I ) the loaded is less than the unloaded , and for magnetic field values above, the loaded is more than the unloaded . This is consistent with the theory in Sections II and III. Since the experiment operated near the point with no beam loading the experimental points in Fig. 5 show that the measured is close to the nominal listed in Table I and to the theoretical predictions. Fig. 6 shows the predicted frequency shift as a function of the magnetic field. This plot shows that the resonant frequency is always down-shifted. That is, beam loading is capacitive, as pointed out in Section III. The experimental results are in reasonable agreement with theory. 
V. SUMMARY AND CONCLUSION
The role of beam loading in the deflection system of a magnetic-field-immersed magnicon has been analyzed. A firstprinciples analytical study, based on the Vlasov-Maxwell system of equations, leads to a very simple algebraic formula for the gain, from which the loaded (i.e., the instantaneous bandwidth) and the frequency shift may be obtained. This formula is derived by assuming that the interaction with the RF changes the electron energy by a small amount. Further, for simplicity, the gain formula is explicitly evaluated for an initially cold beam. It is shown that beam loading allows one to adjust the effective cavity very simply by varying the magnitude of the axial magnetic field. The cold-cavity can be halved or doubled by varying the magnetic field by 12.5%. Steady-state simulations of the deflection system are also presented to go beyond the regime of validity of the analytical theory, by allowing the electron energy to vary along the cavities and to incorporate the effects of finite beam emittance. When the magnetic field is chosen to be near the synchronous value the analytical results, simulations and the experiment agree fairly closely. However, at substantial detuning, the electron energy changes significantly and the agreement is no longer close. Away from synchronism the lengths of the cavities and drift tubes must be appropriately adjusted in order to optimize the gain.
In practice, experiments are invariably performed at magnetic fields below the synchronous value to avoid oscillation. Gain measurements at these magnetic fields will be the subject of a future paper.
